Longitudinal changes in item scores from about 17% of items in the cognitive battery are uninformative for tracking early disease progression. Clinical trials on early AD can be better powered using informative items rather than the entire battery.
Introduction
Alzheimer's disease (AD) is an age-related neurodegenerative disorder that results in progressive cognitive impairment and death. Accumulating research suggests that the neurodegenerative processes associated with AD begin years prior to the symptomatic onset of AD when the disease is clinically at the early prodromal stage or a latent stage [1] [2] [3] . Many recent clinicopathologic studies have also demonstrated that asymptomatic individuals can manifest the neuropathological changes of AD, notably senile plaques and neurofibrillary tangles [4] [5] [6] . These observations, coupled with the fact that there are currently no pharmaceutical treatments that reverse the pathological processes of AD, have led to a major paradigm shift in the search of efficacious treatments of AD; that is, the focus of modern AD clinical trials now is on individuals at the earliest clinical stages, such as mild cognitive impairment [7] (MCI) and/ or very mild dementia (i.e., a clinical dementia rating [8] (CDR) of 0.5), or even the preclinical stage [9] prior to the substantial development of clinical symptoms as these may be the groups of individuals in which targeted therapies may have the greatest chance of preserving brain function.
The paradigm shift in clinical trials on AD subsequently has led to three major inter-related biomedical decisions that must be made by investigators in designing modern clinical trials at the early stages of AD: the cognitive outcome measure, sample size, and disease duration. Because cognitive batteries routinely used by the AD research community have been traditionally designed to track the disease progression after symptomatic onset and to identify cases of fully developed AD dementia in comparison to normal controls, they often show significant ceiling and floor effects. Therefore, the current cognitive batteries may contain items that are neither sensitive nor specific for tracking early stage disease progression. As a result, they only exhibit subtle changes during the very early stage or the preclinical stage of AD. Several recent randomized clinical trials (RCTs) using existing instruments (e.g., the Alzheimer's Disease Assessment Scale-Cognitive subscale [10] ) failed to detect a significant decline in placebo groups with MCI. Especially for RCTs on early stage or preclinical stage of AD, the lack of progression on existing cognitive outcomes has become an important challenge to the feasibility of such trials because of the need for a large number of individuals to be followed over many years to allow meaningful statistical conclusions to be drawn [11] [12] [13] . Large, long-duration RCTs are time-consuming and prohibitively costly. Although emerging cerebrospinal fluid (CSF) biomarkers and neuroimaging markers [14] [15] [16] [17] [18] The objective of this manuscript is to provide better cognitive outcomes for future RCTs on early stage AD. We posit that subsets of items, identified from a large cognitive battery that are shown to be the most informative to early disease progression, can better power clinical trials on early stage AD than the other uninformative items and even the entire battery by reducing the sample sizes and improving the efficiency. In order to identify the most informative items, we focused on tracking the disease progression (not necessarily for the prediction of the disease), and analyzed the longitudinal changes of item scores of individual items from the cognitive battery administered to a large longitudinal cohort study, and correlated the time to the onset of MCI with the time of the item score changes (i.e., from endorsement to non-endorsement of the item over time). Finally, we estimated the sample sizes to adequately power future RCTs on MCI and on preclinical AD using the composite cognitive scores from the items identified as the most informative for early disease progression, and compared them to the composite scores derived from the entire battery as well as the items not identified as informative.
Materials and Methods
The longitudinal cognitive database of the Rush Memory and Aging Project (MAP), a longitudinal clinical-pathologic cohort study of aging and dementia, was analyzed first for identifying the most informative items to track cognitive progression of early stage AD and then for powering clinical trials on early stage AD.
Participants
Participants were individuals from the MAP (initiated in 1997), an ongoing longitudinal, community study of common chronic conditions of old age. Participants were recruited primarily from continuing-care retirement communities throughout the Chicago metropolitan area because the ability to maintain high rates of clinical follow-up and to obtain autopsy is key to the MAP mission. This was supplemented by recruitment at senior and subsidized housing, churches, and social service agencies to ensure a range of socioeconomic status, race, and ethnicity. A requirement for study entry is that participants understood what was involved in the study in order to sign an Informed Consent and agreed to donate their brains, spinal cords, nerves and muscles at the time of death [20] . A total of n = 1,513 elderly individuals who were either cognitively normal or with MCI or AD at baseline were available for our analyses as of September 21, 2012 . Out of the 1,513 individuals, 1,037 were cognitively normal, 402 had MCI and 74 had AD at baseline. The baseline characteristics of the participants are shown in table 1 .
Standard Protocol Approval and Patient Consents
Written informed consent was obtained from all study participants. The study was approved by the Institutional Review Boards of Rush University Medical Center and the Washington University School of Medicine.
Cognitive Assessment and Clinical Diagnosis
Cognition was assessed annually with a comprehensive battery testing cognitive domains commonly affected by aging and AD: episodic memory, semantic memory, working memory, perceptual speed, and visual -spatial ability. Details of the cognitive function tests have been reported previously [21, 22] . In brief, 20 cognitive tests were administered annually. Seven were episodic memory measures: Word List Memory, Recall, and Recognition [23] and immediate and delayed recall of Story A from Logical Memory of the Wechsler Memory Scale -Revised [24] and of the East Boston Story [25, 26] . Semantic memory was assessed with a 15-item version [21] of the Boston Naming Test [27] , Verbal Fluency [23, 26] , and a 15-item version [26] of the National Adult Reading Test [28] . Working memory tests included Digit Span Forward and Digit Span Backward [24] and digit ordering [26, 29] . Four measures of perceptual speed were administered: the oral version of the Symbol Digit Modalities Test [30] , Number Comparison [26, 31] , and two measures from a modified version [22] of the Stroop Neuropsychological Screening Test [32] : number of color names correctly read in 30s minus the number of errors and number of colors correctly named in 30s minus the number of errors. Visuospatial ability was assessed with a 15-item version of Judgment of Line Orientation [33] and a 16-item version of Standard Progressive Matrices [34] . In addition, the Mini-Mental State Examination (MMSE [35] ) was also used to serve as a brief measure of cognitive function. To minimize floor and ceiling artifacts and other sources of measurement error, a global composite measure of cognition that was previously reported [21, 22] and based on all 20 tests including MMSE and measures of episodic memory, semantic memory, working memory, perceptual speed, and visuospatial ability was created by converting raw scores to z scores, using the baseline mean and SD across the entire cohort, and averaging the z scores. Further information about the individual tests and the derivation of the composite measure was described elsewhere [21, 22] . Cognitive testing was scored by a computer and reviewed by a neuropsychologist to determine cognitive impairment. Participants were then evaluated by a clinician for a medical history and a neurologic examination to diagnose AD using National Institute of Neurological and Communicative Disorders and Stroke -Alzheimer's Disease and Related Disorders Association criteria [36] . The diagnosis of dementia required a history of cognitive decline and impairment in at least 2 cognitive domains, and MCI (all types) required the presence of cognitive impairment in the absence of dementia [20] .
Types of Item Scores
Individual items were scored as binary for most cognitive tests except for five items (Color Name, Logical Memory IA and IIA, Verbal Fluency, and Words Correctly Read), which could not be reasonably decomposed into meaningful binary items and therefore were treated as single-item tests with the original count score. Table 2 presents the number of individual items as well as baseline summary statistics for each of the 20 cognitive tests (including MMSE). A few items from several tests were not originally scored as binary (e.g., one item in MMSE has an original score of 0-5), such items were treated as binary in the item analyses using the perfect score vs. others. Sensitivity analyses were also done with other possible cutoffs for these items.
Other Covariates
Demographics such as age, sex, and years of education were recorded at the study entry. APOE genotyping was done and individuals were dichotomized into those with at least 1 or more copies of the E4 allele (E4 positive) vs. those without an E4 copy (E4 negative).
Statistical Analysis
A two-step procedure was implemented to select the most informative items with binary score (i.e., endorsement and non-endorsement of the item, oriented in the way that non-endorsement always indicates problems with cognition) from the entire cognitive battery for better tracking the disease progression and designing future RCTs at the early stages. The first step examined the longitudinal changes of scores for each individual item and tested whether the item score changes over time were associated with the onset of MCI. Specifically, for each individual, we first computed the age at onset of MCI. If an individual never developed MCI or AD during the entire follow-up, the age at onset was considered right-censored. If a subject was already classified as MCI or AD at the baseline, the age at onset of MCI was considered interval-censored between 0 and the age at baseline. For each individual and each binary item, we then computed the age of non-endorsement defined as the age when the item was incorrectly endorsed. Because of the fluctuation of item level scores over time, the item-specific age of non-endorsement for each individual also was considered interval censored with the left side of the interval as the first age in the follow-up when the item was endorsed incorrectly and the right side as the age at the first occurrence of non-endorsement after which the item remained incorrectly endorsed over time [37] . If an individual already incorrectly endorsed the item at baseline, the left side of the age of non-endorsement was defined as 0. If an individual never incorrectly endorsed the item during the entire follow-up, the age of non-endorsement was considered right-censored at the age of last assessment. For each item, the item-specific age of non-endorsement and the age at onset of MCI were then correlated across the entire cohort including subjects who were normal, MCI, or AD at baseline. The correlation was estimated by a Kendall's coefficient of concordance through a bivariate smooth estimate of the joint density on the logarithms of the two time scales that was obtained using a mixture of Gaussian densities fixed on a grid with weights determined by a penalized likelihood approach [37, 38] . Items with a significant correlation (p < 0.05) were identified as informative for tracking early disease progression.
Five tests in the cognitive battery could not be reasonably decomposed as binary items because their scores are counts that can be any non-negative integers: Color Name, Logical Memory IA and IIA, Verbal Fluency (with 2 items, Animal and Fruit), and Words Correctly Read. Preliminary analyses similar to those used for the binary items were conducted using different cutoffs, suggesting that all five tests have reasonable sensitivity and specificity for tracking early disease changes. Thus, they (a total of 6 items) were always included as informative items, using their original scores (not the dichotomized scores). Because for each item, the correlation between the age of nonendorsement and the age at onset of MCI does not indicate whether the age of non-endorsement occurred earlier or later than the age at onset of MCI, the second step of our item selection procedure compared the center of the interval censored age of non-endorsement and age at onset of MCI, and identified the items whose age of non-endorsement occurred later than the age at onset MCI for at least more than half (e.g., >51%) of individuals in the entire cohort. This subset of the informative items was used for tracking the disease progression and designing RCTs on individuals who were already MCI at baseline.
Power Analysis
In traditional prevention trials, it is common to randomize high-risk subjects to active drug or placebo and analyze the time taken for the onset of the disease as the primary efficacy endpoint with a standard Cox proportional hazards model (PHM) [39] . Recently, for modern RCTs either on 'preclinical AD' or on MCI, it has been suggested that the PHM approach is subject to a loss of power to detect a treatment effect, in comparison to the approach with a linear mixed model for repeated measures (MMRM [40] ) on a well-defined cognitive composite [41] . Based on the informative items identified, three cognitive composite scores were computed similar to the way the global cognitive composite score was defined (see Cognitive Assessment and Clinical Diagnosis): one using all informative items, another using the subset of the informative items whose age of non-endorsement occurred later than the age at onset of MCI, and the other using the items that were not identified as informative (i.e., uninformative). For each composite, a mixed model for repeated measures (MMRM [40] ) was then implemented to estimate the mean 2-year, 3-year, and 4-year change from the baseline as well as the relevant variance and covariance parameters from subjects who were considered 'preclinical AD' (in the absence of biomarker data, operationally defined as those who were cognitively normal at baseline but with at least 1 copy of APOE E4 allele) or MCI at baseline. To examine how the newly formed cognitive composites with informative items influence the sample sizes required for adequately powering future RCTs at the early stages, these estimates were used to further estimate the sample sizes for future RCTs on 'preclinical AD' or MCI with either 2-year, 3-year, or 4-year annual follow-ups using a standard normal test [42] . A power of 80% was assumed for all power analyses. For comparison purpose, similar power analyses were also conducted using the same subjects sample but the global cognitive composite derived from the entire cognitive battery as well as the cognitive composite derived from items not selected as informative. All statistical analyses were implemented in SAS [43] .
Results
A total of 226 items (including 220 items with binary data and 6 items from 5 tests with count data) from the cognitive battery were analyzed. Of the 1,037 cognitively 135 normal individuals, 404 developed MCI (all types) or AD in the period of up to 12 years of follow-up. Individual items with very limited longitudinal data (i.e., those with less than 30% of the total annual assessments across the entire cohort for a total of 34 items) were excluded from the item analyses. The first step of the two-step procedure identified a total of 181 binary items whose age of nonendorsement is significantly correlated with the age at onset of MCI, resulting in a total of 187 informative items including the 6 items from 5 tests with count data. At the second step, a subset of 62 items were further identified for tracking disease progression on individuals who had MCI at baseline because their age of non-endorsement occurred later than the age at onset of MCI for at least more than half (e.g., >51%) of individuals in the entire cohort. The last column of Using a consistent way of forming cognitive composites (i.e., averaging the z scores across multiple tests obtained by using the baseline mean and SD of each test), four cognitive composites were computed using the following: the 187 informative items as identified above, the 62 informative items whose age of non-endorsement occurred later than the age at onset of MCI, all 20 cognitive tests in the battery, and the items not identified as informative by our analyses. Table 3 presents the estimated mean change and associated standard error (SE) of the cognitive composites from baseline among subjects with 'preclinical AD' at baseline, as well as among those with MCI at baseline. Results in table 3 suggest that, for both 'preclinical AD' and MCI, the rate of change on the cognitive composite from the informative items is larger than that on the cognitive composite based on the entire battery, which in turn is larger than that on the cognitive composite based on items not identified as informative.
To assess the ability of the items identified as informative for tracking early disease progression to improve the design of modern RCTs on early stage AD, we considered two types of future two-arm RCT to test the cognitive efficacy of a novel therapeutic compound against a placebo on individuals who were 'preclinical AD' or MCI at baseline. The sample size ratio of the RCTs is assumed 1: 1 between the two arms. The longitudinal follow-ups are as- sumed to be annual with a range of 2 to 4 years. The effect size (ES) of the novel treatment is assumed as a percentage of improvement on the change from baseline as compared to the placebo, the latter of which was estimated by an MMRM assuming a covariance structure of compound symmetry. We used change on the cognitive composite from the 187 informative items as the primary efficacy endpoint for the RCT on 'preclinical AD', and change on the cognitive composite from the subset of 62 informative items as the primary efficacy endpoint for the RCT on MCI because these items' age of non-endorsement occurred later than the age at onset of MCI. As indicated in table 4 , for the trial on 'preclinical AD' with a 2-years or 3-years annual follow-up, the use of 187 informative items provides smaller sample sizes than the use of entire cognitive battery, resulting in a reduction of sample size from 2 to 10% across a wide range of effect sizes. On the other hand, the sample size of the trial using items not identified as informative is at least 6 times of that using the informative items. For example, with a reasonable effect size of 40%, the RCT of 2-year follow-up can be adequately powered with a total of 3,484 subjects using the informative items and 3,887 subjects using the entire battery, and 22,159 subjects using the items not identified as informative. For the RCT on 'preclinical AD' with a 4-years follow-up using informative items, the sample size is slightly lower than that of using the entire battery, but is only about one seventh of that using items not identified as informative. Very similar observations can be made for the RCTs on MCI. In comparison to the entire battery, the 62 informative items provide a sample size reduction of 11-30% in a RCT on MCI with a 2 or 3-years of follow-up, and only a slight increase (about 1%) in a RCT on MCI with a 4-years follow-up. On the other hand, the items not identified as informative require sample sizes that are 4-7 times that of the informative items. 
Discussion
Individual items are the foundation for cognitive outcome measures used in RCTs on AD, and their test scores are inherently noisy when used to longitudinally track cognitive progression, especially at the early stages of disease. To our best knowledge, our item level longitudinal analyses represent the first comprehensive effort to associate the onset of early cognitive symptoms (i.e., MCI) with longitudinal change in item level scores from a comprehensive cognitive battery. We found that, out of a total of 226 items from a large cognitive battery administered longitudinally in MAP on a large sample size of 1,513 individuals, the longitudinal item score changes were associated with the onset of MCI for 187 items over an annual follow-up of up to 13 years. Of these, the item score changes for 62 items (i.e., from endorsement to non-endorsement of items) occurred after the onset of MCI. A total of 39 items (i.e., 17.26%) were found to be uninformative for tracking the cognitive progression at early disease stage, that is, the longitudinal changes of item scores were not associated with the onset of MCI.
Although the conventional test scores from cognitive batteries used in many AD studies have been very successful in cross-sectional discrimination of fully developed symptomatic AD from normal aging, they are less satisfactory in longitudinally tracking the early changes of AD when individuals are at the early or preclinical stage of the disease. In fact, when some of current cognitive tests are administered to individuals in the preclinical or early stage of the disease, the resulting data are subject to enormous ceiling and floor effects. Because cognitive items and tests with significant ceiling and floor effects have limited use in tracking longitudinal changes, they are unlikely to be correlated with the early disease progression, and therefore have limited power to predict whether or at what time point an individual will develop subtle sign of early changes, which will eventually lead to the onset of MCI and AD.
There is currently a major conundrum in the search of effective treatments of AD. On the one hand, accumulating research evidence indicates that neurodegenerative processes associated with AD begin years prior to the symptomatic onset of AD [4] [5] [6] , suggesting that the optimum time window for treatment interventions is when the disease is clinically at the early prodromal stage or even the latent or preclinical stage. On the other hand, the lack of detection of progression by cognitive tests routinely used in current AD research makes the sample size for clinical trials on early disease stage or preclinical AD a formidable task to achieve. This bottleneck is primarily due to the lack of cognitive measures that can reliably detect the earliest possible cognitive changes of early-stage AD in the presence of high inherent inter-individual variability during the progression of the disease [44] . This question is challenging because, by definition, longitudinal cognitive changes have to be subtle during the early stages of the disease.
In comparison to the entire battery, we found that the 187 informative items (in the form of a standard composite) provide smaller or comparable sample sizes to adequately power future RCTs on individuals with 'preclinical AD' , operationally defined as, in the absence of biomarker data in this analysis, those who were cognitively normal at baseline but with at least one allele of APOE4. For future RCTs on MCI, a subset of 62 informative items whose item score changes occurred later than the onset of MCI also provides sample sizes smaller than or comparable to those from the entire battery. Importantly, we found several folds of increased sample sizes to power future RCTs on either 'preclinical AD' or MCI when items not identified as informative by our analyses were used. These results have 3 major implications in designing future RCTs on early stage AD and in tracking early disease progression. First, they suggest that the commonly used cognitive batteries with years of longitudinal data remain the most important pilot data to design future RCTs on early-stage AD, as a majority of the items were informative to early disease progression, consistent with several reports (albeit cross-sectional) [45] [46] [47] [48] [49] . Second, given the current challenges facing modern RCTs on early-stage AD in terms of choosing appropriate cognitive outcomes and determining the adequate sample sizes, our results suggest the feasibility of using subsets of informative items from an existing cognitive battery as the cognitive efficacy outcome in powering future RCTs on 'preclinical AD' or MCI. Third, when it comes to tracking early disease progression, data collected on a large number of uninformative items may represent less than optimal use of precious research resources as well as an increased burden to research participants. In fact, as demonstrated by our results, the uninformative items in the battery dramatically reduce the power of the informative items in tracking early progression and designing RCTs at the early stage, partly due to the decreased rate of change and the inflated variance because of the contamination from the items not informative to early disease changes.
It is important to point out that the items that were not identified as informative (i.e., uninformative items) by our analyses do not automatically become invalid items from the cognitive battery. All these items have face valid-ity and may be useful in tracking the disease progression at other stages. Even at the early disease stage, their composite score also shows some cognitive decline on subjects with MCI or 'preclinical AD' as presented in table 3 , albeit at a much lesser degree when compared to the informative items. Our results should therefore not be interpreted as against the use of these items in AD research. For example, the parent MAP study that provided the data performs annual clinical evaluations on participants until death; thus, items that are sensitive to change among persons with moderate-to-severe dementia are also needed.
Our study has many strengths. The participants were community-dwelling and examined with annual home visits. Thus, many of the biases inherent in getting persons to be evaluated in a clinic setting are reduced. The overall participation rate exceeded 90% over the entire duration of the follow-up period, reducing bias that results from attrition. The large pool of items from 20 cognitive performance tests is among the largest item pools currently available in community-based prospective cohort studies. This allowed us to identify a large number of items of potential utility in RCTs on preclinical AD and MCI.
Our study also has limitations. The study cohort is selected; the generalizability of the findings needs to be established through independent studies, especially those with a population-based longitudinal design. Further, although it is the most cost effective to utilize an existing longitudinal cognitive database to select most informative items to track early disease progression, neuropsychological theory-based development of outcome measures on prospectively designed longitudinal studies is needed to fully establish the validity and psychometric properties of cognitive outcomes that can serve as the primary efficacy endpoint of future RCTs on early stage AD. Next, our analyses were based on the cognitive data already collected according to a well-established protocol [20] . Therefore, the effect of order, presentation, and possibly interference [50, 51] of the cognitive testing on our findings cannot be adequately addressed. In addition, our analytic approach was based on the technique of survival analysis, which implicitly assumed that everyone will develop MCI/AD if he or she lives long enough. Although this assumption may not be entirely unreasonable, its impact on the analysis results warrants further investigation. Finally, biomarker data would be needed to more accurately define 'preclinical AD', and our results need to be further validated when biomarker data are available.
